The adsorption of dipalmitoylphosphatidylcholine (DPPC) and palmitic acid from multilamellar lipid dispersions in excess water onto hydrophilic and hydrophobic glass surfaces was studied. Adsorption isotherms at different temperatures were obtained. The adsorbed lipid amount at saturation, F~, was found to depend strongly on the phase state of the lipid dispersion. For DPPC, a sharp decrease of F~o was observed at the gel-liquid crystal phase transition at 41 °C (P~-L~). The DPPC adsorption from the gel phases Lp. and Pz' was significantly greater than that from the low-temperature crystalline Lc phase. The Lc-isotropic phase transition of palmitic acid was also clearly reflected in the temperature dependence of F~ for this lipid. Electron microscopy yielded direct evidence for the presence of lipid aggregates and restructured liposomes on the glass surface. In combination with the adsorption data, this shows that fluid liposomes bind less to glass surfaces than solid liposomes.
INTRODUCTION
Recently, Jackson et al. [1] [2] [3] have studied phospholipid adsorption onto solid surfaces. They have pointed out existing controversy concerning the mode of adsorption from liposomal suspensions: in contrast to well-defined layered structures obtained by means of the Langmuir-Blodgett technique [4] [5] [6] , one may expect a complicated structure of the adsorbed lipid when a solid surface is brought into contact with an aqueous liposomal suspension. Here we present experimental results for dipalmitoylphosphatidylcholine (DPPC) and palmitic acid adsorption from aqueous suspensions of multilamellar lipid aggregates onto hydrophilic and hydrophobic flat glass surfaces.
Electron microscopy yields direct evidence for the presence of lipid aggregates on the surface. Further we follow in more detail the temperature dependence of multilamellar lipid vesicles adsorption, revealing a sharp change in the adsorption corresponding to the gel-liquid crystal phase transition in the lipid bilayer (similar to the one reported in Ref. [3] for small unilamellar vesicles of DPPC ). This fact may be of great biological interest since lipid bilayer fluidization has been shown to reduce cell-lipid bilayer adhesiveness [7] [8] [9] [10] [11] [12] [13] .
EXPERIMENTAL

Glass treatment
Microscope cover glasses (Hirschmann, F.R.G.) were used. Hydrophilic and hydrophobic glass surfaces were prepared according to procedures described previously [14, 15] . Hydrophilization was achieved by a 2 min treatment with a solution of 4 vol.% hydrofluoric acid and 50 vol.% nitric acid in water followed by extensive rinsing with doubly distilled water. Hydrophobization involved boiling the slides for 2 h in 5 vol. % solution of dimethyldichlorsilane (DMDS) in dry toluene. After this the slides were washed successively with pure toluene, methanol and doubly distilled water. Finally, the slides were dried at 150 ° C.
Liposome suspensions
DPPC (Fluka) and palmitic acid (Fluka, GC standard) were mixed with 0.1 tool. % of the respective 14C-labelled compound (Amersham, U.K. ). The lipids were hydrated overnight in an excess of doubly distilled water (pH 5.5, conductivity 10 -6 ~-1 cm-~), then equilibrated for 1 h at 10 ° C above the respective melting phase transition temperatures (41 ° C for DPPC and 61 °C for palmitic acid) and shaken at this temperature on a vortex mixer five times for 1 min with 2 min intervals. In the low-temperature measurements the DPPC suspension was pre-equilibrated for 4 days at 4 °C to allow for the formation of the subgel lamellar crystalline phase (Lc).
Lipid adsorption
The glass slides were placed vertically in glass vessels containing lipid dispersions, pre-equilibrated at various temperatures. The lipid amount in the aqueous phase was always in great excess with respect to the adsorbed amount. This ensured constant bulk concentration during the adsorption process ( the concentration decrease was less than 0.1% ). After termination of adsorption the slides were rinsed with doubly distilled water.
The adsorbed amount of 14C-labelled lipid was determined using a LKB-1215 scintilation counter. For this purpose the slides were transferred into vials containing toluene based scintilation liquid. The vials were vortexed for better dissolution of the lipid. It was assumed that labelled and unlabelled lipids have identical adsorptive properties.
The bulk lipid concentration and the adsorption time were varied in order to determine the adsorption saturation with respect to these two parameters.
The lipid adsorption saturates, in our experiments, after 1.5 h incubation of the glass slides, in good agreement with the value of 1 h reported by Jackson et al. [1] . Consequently, in all measurements reported hereafter, we used a constant incubation time of 2 h.
Electron microscopy
After termination of adsorption as described above the rinsed slides were dried in air. Replicas from the surfaces were made in a Balzers device BAF 400D at room temperature by evaporation of platinum/carbon at an angle of 35 ° and secondly of carbon at an angle of 90 °. Using hot water (95 ° C) or 40% hydrofluoric acid, the replicas could be separated from the glass and after cleaning with chloroform they were examined in a Tesla BS 500 electron microscope.
Calorimetric measurements
The thermotropic phase transitions in the lipid dispersions were recorded using a high-sensitivity DASM-1M microcalorimeter as described previously [ 16 ] . The heating rate was 0.5 ° C min-1.
RESULTS
The adsorption isotherms of DPPC are presented in Fig. 1 . Adsorption values are calculated dividing the bound lipid weight by the smooth surface area (determined from the macroscopic geometric dimensions of the slides).
Electron microscopy observation of the slides directly proves the presence of many (not isolated) liposomes, or similar lipid aggregates on both hydrophilic and hydrophobic glass surfaces. The distribution of lipid bodies on the surfaces was not homogeneous enough to allow quantitative analysis of surface lipid density and differences with respect to glass pretreatment and temperature. There are differences in appearance of the dried lipid bodies on the glass surface in size and complexity of the structures (Figs 2 and 3) . The alteration by drying includes the formation of flattened vesicles as well as layered structures of one or several layers thick.
The effect of temperature on the saturated lipid adsorption is shown in Fig.  4, upper panel, for DPPC, and in Fig. 5, upper panel, for palmitic acid (bulk  concentration 1.35 mmol l-1 in both cases) adsorption occur during the melting phase transition (at 41°C for DPPC and 61 ° C for palmitic acid). In contrast to DPPC, palmitic acid adsorbs better onto hydrophobic glass (cf. Figs 4 and 5, upper panels).
DISCUSSION
Here adsorption values represent the amount of surface bound lipid per unit smooth area. Figures 2 and 3 are direct proof of the presence of lipid aggregates on the investigated surfaces. Hence it is meaningless to express our results in terms of layered adsorption as in Ref. [ 1] .
Recent work [17] [18] [19] has shown large differences between the smooth and nitrogen (from BET measurements) area of solid surfaces for a large variety of nonporous solids, reflecting the surface roughness on a molecular scale. The latter can be quantified using the concept of surface fractal dimension [17] [18] [19] . It rationalizes that on a molecularly rough surface, the surface area available for saturated adsorption depends on the size of adsorbing molecules. This complicates further the analysis (and comparison) of different lipid adsorption data. For instance, the monodisperse Ballotini beads (diameter 67 + 7 Itm) used in Ref. [1] were found to have a krypton area of 0.109 m 2 g-1 and a nitrogen area of 0.104 m 2 g-1, whilst their smooth area is significantly smaller. Spherical beads with this diameter and a density* of 2.35 g cm -3 have a geometrical smooth area of 0.038 m 2 g-1, which is about 3 times less than their nitrogen area. In the case of adsorption of lipid molecules or aggregates, the nitrogen and the smooth areas could be regarded, respectively, as upper and lower limits of the real available area. *The density of the actual Balotini sample is not quoted in Ref. [ 1 ] . The density of Balotini beads can vary in the range 2.0-2.8 g cm -3 depending on glass type and inclusion of gas bubbles in the beads [A. Nikolov, private communication].
Our results for saturated adsorption (F~) ofDPPC liposomes are compared with those of Jackson et al. [ 1 ] in Table 1 . A hypothetical dense monolayer (50 ~2 per DPPC molecule) corresponds to F~=0.245/~g cm -2. Comparing this value with those in Table 1 , illustrates the large indeterminacy in the layered adsorption concept. The expanded monolayer of column b (amount per nitrogen area) could be a dense monolayer in column c (amount per smooth area). If lipid aggregates are bound to the surface, both terms are misleading. Further speculations concerning differences between our F~ values and those of Jackson et al. [1] (see Table 1 ) are not justified, due to the unknown properties of the glass surface and to other differences in the experimental conditions. We used multilamellar DPPC vesicles in doubly distilled water at pH 5. A decrease of the lipid amount, bound to the glass surface during the melting transition, has also been observed for small unilamellar DPPC vesicles [3] . The sharp decrease in the DPPC amount bound to the surface at the gel-liquid crystal transition (P~,-L~ fluidization, Fig. 4 ) correlates with some findings concerning cell adhesion: various types of cells adhere to solid lipid films but not to fluid films [20] [21] [22] ; solid liposomes more strongly associated with cells than fluid liposomes [23, 24] ; fluidization of cell membranes reduces cell adhesiveness [7] [8] [9] [10] [11] [12] [13] . This, as well as the electron microscope investigation (Fig.  2 ) , distinguishes liposome adhesion as the most important step in DPPC binding to solid surfaces. The conclusion that lipid adsorption via monomers is highly improbable was reached also in Ref. [2 ] following kinetic arguments. The formation ofa monolayer (or bilayer) via vesicle disruption and spreading on the surface could not be proven for the multilamellar aggregates investigated here. Unilamellar liposomes do disrupt on adsorption [2 ] . Multilamellar ones are less likely to do so. On the other hand, the presence of vesicle fragments was proven even on a molecularly smooth liquid surface after the spreading of unilamellar sonicated liposomes [25 ] . The electron micrographs of the dried samples (Fig. 2 ) depict some spreading of the liposomes on the surface, which cannot be entirely ruled out in the wet state. In this respect it should be noted that for detergents the alternative between micellar and monomer adsorption onto solid surfaces is still unresolved [26] .
As suggested recently [27, 28] , a slight negative charge (about 4 mV) of the DPPC surface potential during the melting transition could be responsible for the decreased adhesiveness of the fluid liposomes. Another possible reason for this effect could be a steric repulsion predicted by Helfrich [29] , due to outof-plane membrane fluctuations. This force should be suppressed in the solid state. It is appropriate, however, to note in this connection that adsorption from solid state DPPC is not constant with temperature but has a clearly expressed maximum in the rippled Pp, phase (see Fig, 4 ).
The adsorption from palmitic acid suspension exhibits a complex temperature dependence, especially in the range of the lamellar crystal-isotropic transition which cannot be rationalized on the basis of the present measurements. Electron micrographs (Fig. 3) indicate that the adsorption process is dominated by aggregate adhesion (and possible spreading) rather than monomer adsorption.
We hope that further work will explain the exact physical cause of the observed phenomenon, yielding a sounder basis for understanding existing correlations between lipid phase state and cellular adhesiveness.
